[1] We present the global distribution, seasonal, and interannual variations of the lower mesospheric inversion layers (MILs) using SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) temperature data. We show that both the characteristics and the formation mechanisms of large spatiotemporal-scale lower MILs are latitude dependent. At low latitudes, the monthly zonal mean amplitude of the lower MILs exhibits a semi-annual cycle and reaches a maximum of $40 K in spring and a secondary maximum of $30 K in autumn. On the equator, the semi-annual oscillations in the background and diurnal-migrating-tide temperatures could contribute more than 12 and 25 K, respectively, suggesting they are the key causes of large spatiotemporal-scale lower MILs at low latitudes. At middle latitudes, the monthly zonal mean amplitude of the lower MILs exhibits an annual cycle with its maximum in the range 24-33 K in winter. In addition, their longitudinal distribution and daily variation in winter are closely correlated with the transient structure of a composite wave composed of stationary and westward-propagating quasi-16-day planetary waves with zonal wave number 1. The correlation coefficient between the lower MILs and the composite wave can sometimes reach unity. The composite planetary wave could contribute temperature enhancements of at least 15-20 K to the lower MILs. Thus, we believe that the transient structure of planetary waves is also an important cause of the large spatiotemporal-scale lower MILs in winter at middle latitudes, in addition to previously proposed mechanisms.
Introduction
[2] The term 'mesospheric inversion layer (MIL)' refers to the temperature-gradient inversion from negative to positive that is frequently observed as a thermal structure in the mesosphere at lower and middle latitudes. A typical MIL, shown in Figure 1 , is the segment between the two extrema (marked by two large triangles) in the temperature profile. According to the definition proposed by Leblanc and Hauchecorne [1997] , the bottom and top of the MIL are marked by the large triangles at the bottom and top, respectively. The temperature and height differences between the layer's bottom and top are defined as the amplitude and thickness of the MIL. Schmidlin [1976] first reported the detection of MILs based on five different temperaturemeasurement techniques and pointed out that the MIL is real rather than a pseudo phenomenon resulting from instrument errors. It is now accepted that the study of MILs is important for our comprehensive understanding of middle and upper atmospheric dynamics [Meriwether and Gerrard, 2004] . For instance, a positive temperature gradient at the bottom of a MIL enhances the atmospheric stability and reduces vertical mixing, while a negative gradient may lead to an atmospheric convective instability and enhance development of turbulence at the top of the MIL. In addition, MILs have a profound impact on the propagation of gravity waves (GWs), which are believed to be critical in determining the dynamical and thermal structure in the middle and upper atmosphere Isler et al., 1997; Dewan and Picard, 2001] .
[3] Numerous observations in the past three decades have identified two subtypes of MILs: the upper MIL occurs at an altitude of around 95 km, while the lower MIL occurs at around 75 km [Meriwether and Gerrard, 2004] . The present work focuses on the lower MILs. Ground-based Rayleigh lidar observations have contributed much to our knowledge of lower MIL morphology and behavior.
[4] Most of these lidar observations were located at middle latitudes [e.g., Hauchecorne et al., 1987; Leblanc and Hauchecorne, 1997; Meriwether et al., 1998; States and Gardner, 1998; Duck et al., 2001] . Leblanc and Hauchecorne [1997] statistically analyzed the lower MILs over southern 1 France using 1800 nighttime temperature profiles. Their study suggested that the monthly mean amplitude of lower MILs frequently reaches 25 K and even 40-50 K in some individual profiles. More importantly, the amplitude of lower MILs exhibits a strong annual cycle, with its maximum in winter.
[5] Compared with the situation at middle latitudes, only a few studies have been published on MILs detected by Rayleigh lidars in tropical and high-latitude regions. For instance, based on analysis of 119 nighttime temperature profiles, Siva Kumar et al. [2001] found that the amplitude of lower MILs in the tropics was slightly lower than that at middle latitudes and exhibited an obvious annual cycle, with maxima and minima in May and December, respectively. Cutler et al. [2001] reported on lidar observations of lower MILs at a higher-latitude site.
[6] In addition to Rayleigh lidars, satellites have also been used to study lower MILs [Leblanc et al., 1995; Leblanc and Hauchecorne, 1997; Ratnam et al., 2003; Fadnavis and Beig, 2004; Fechine et al., 2008] . Compared with ground-based instruments, satellites can provide almost global observations of lower MILs during both day-and nighttime, while groundbased lidars usually work only during nighttime. To our knowledge, Clancy et al. [1994] conducted the pioneering observations of lower MILs by satellite. Since then, Leblanc and Hauchecorne [1997] analyzed temperature data from two instruments onboard the Upper Atmosphere Research Satellite (UARS) and published the global distribution of the monthly mean amplitude of lower MILs. Recently, Fechine et al. [2008] used TIMED/SABER (Thermosphere Ionosphere Mesosphere Energetics and Dynamics Satellite/ Sounding of the Atmosphere using Broadband Emission Radiometry) temperature data to derive statistical analysis of the characteristics of lower MILs across a tropical region.
[7] In general, the results from the different satellite instruments agree well with each other, especially in regard to the seasonal and latitudinal variations of lower MILs. Although previous studies have revealed the morphology of lower MILs, their nature has not yet been completely uncovered and further work is still required [Meriwether and Gerrard, 2004] . Satellite data can provide a global rather than piecewise scenario related to lower MILs, but most previous satellite observations usually provided data on the variability of lower MILs either during a short period (several days to several months) [Leblanc et al., 1995] or only for limited geographic coverage (a few degrees in latitude and longitude) [Fadnavis and Beig, 2004; Fechine et al., 2008] .
[8] Many possible mechanisms have been proposed for the origin of lower MILs, including GW breaking [Hauchecorne et al., 1987] , nonlinear interactions between GWs and tides [Liu and Hagan, 1998 ], and chemical heating [Meriwether and Mlynczak, 1995] , among others. In the middle atmosphere, the strongest GW activity usually occurs during high-latitude winter and low-latitude equinox [Fritts, 1984] , where and when lower MILs are also the strongest, implying a close connection between GWs and lower MILs. However, Duck et al. [2001] pointed out that GW breaking cannot provide sufficient heating rates to explain the observed temperature enhancement of lower MILs. On the other hand, lower MILs usually extend over large horizontal scales (thousands of kilometers) and persist for at least a few days [Hauchecorne et al., 1987; Leblanc et al., 1995; Leblanc and Hauchecorne, 1997; Meriwether and Gerrard, 2004] , while GW activity in the middle atmosphere is believed to have smaller horizontal scales, while it is often highly intermittent or even random. Thus, the mechanisms associated with GWs may be only responsible for local lower MILs, while large-scale lower MILs might be related to some large-scale dynamical processes.
[9] Recently, Salby et al. [2002] analyzed geopotential height data from UARS/MLS and pointed out that planetarywave dissipation was an important cause of the formation of lower MILs in midlatitude winter. A similar result has also been revealed on the basis of the Whole Atmosphere Community Climate Model, based on which Sassi et al. [2002] found that planetary waves dissipated rapidly in the mesospheric surf zone and then impacted significantly on lower MILs near 90 E. However, Salby et al. [2002] and Sassi et al. [2002] did not present the quantitative contribution of planetary-wave dissipation to lower MILs, and such a planetary-wave dissipation mechanism was applied to explain lower MILs only at middle latitudes. More recently, Oberheide et al. [2006] also studied MILs resulting from planetary-wave breaking and the surf zone.
[10] In this work, we use the TIMED/SABER temperature data from 2002 to 2009 to study the spatial (both longitudinal and latitudinal) and temporal (from daily to interannual) variations of lower MILs characterized by large spatiotemporal scales. SABER is one of the four instruments onboard the TIMED satellite. It measures temperature and trace gases from approximately 15 to 120 km altitude with good data quality and high vertical resolution ($2 km). SABER data also provides good temporal continuity. Compared with most previous studies, we use longer-period (8 yr) satellite data to quantitatively investigate the formation mechanisms of lower MILs at different latitudes. In section 2, the SABER 
Data and Methodology

SABER Temperature Data
[11] SABER is a 10-channel infrared radiometer onboard the TIMED satellite, which was boosted into a 625 km circular orbit (inclined by 74.1 degrees from the Earth's equator) from the Western Test Range at Vandenberg Air Force Base in California on 7 December 2011 [Russell et al., 1999] . It provides vertical temperature profiles, key chemical constituents, and emission features over a broad altitude range during both day and night.
[12] SABER's kinetic temperature (T k ) is retrieved from two 15 mm and one 4.3 mm CO 2 radiometer channel measurements in the tangent height range spanning approximately 15-120 km. The local-thermodynamic-equilibrium (LTE) and non-LTE retrieval algorithms are used, respectively, at altitudes below 70 km and in the upper mesosphere and lower thermosphere (UMLT) [Mertens et al., 2001 [Mertens et al., , 2004 . Remsberg et al. [2008] assessed the quality of version 1.07 temperature data and suggested that the systematic error is no more than 2 K below 70 km, while in the UMLT region the error increases with altitude from 1.8 K at 80 km to 6.7 K at 100 km.
[13] Latitude coverage of SABER limb observations extends from 52 N to 83 S or from 52 S to 83 N, so the measurements can always cover latitudes from 52 N to 52 S. In addition, TIMED's orbit precesses slowly and the satellite takes approximately 60 days to cover the full local solar time ($24 h) by combining the ascending and descending nodes. In our work, we use SABER temperature data from January 2002 to December 2009, which were downloaded from http://saber.gats-inc.com/. The data's native vertical resolution is approximately 2 km [Mertens et al., 2004] . After pre-processing, each profile was interpolated to have 1 km resolution from 20 to 120 km.
Identification of the Lower MILs
[14] To identify the lower MILs and extract their parameters from the SABER temperature profiles, we adopted the methodology proposed by Leblanc et al. [1995] and Fechine et al. [2008] . The procedure is introduced briefly here. First, the globe (0 E-360 E, 80 S-80 N) is divided into 15 Â 40 grid cells with widths of 24 in longitude and 4 in latitude. Second, a 3-day averaged temperature profile is obtained for each grid cell. Figure 1 presents the 3-day averaged SABER temperature profile at (48 N, 24 E) observed between 14 and 16 January 2003. Third, we identify all temperature minimum and maximum nodes (marked by triangles in Figure 1 ) between 65 and 85 km from the 3-day averaged temperature profile, and calculate all temperature enhancements between every two adjacent nodes. The lower (65 km) and upper (85 km) height limits are chosen based on the following considerations: (1) the lower MIL is usually near 70 km, with a typical thickness of 10 km [Meriwether and Gardner, 2000; Meriwether and Gerrard, 2004] . (2) Previous observations have pointed out that the mesopause height at middle and high latitudes exhibits a regular seasonal variation, i.e., it is lower (near 85 km) during summer and higher (near 98 km) during winter [Berger and von Zahn, 1999] . To avoid the influence of the mesopause on our analysis, the upper height limit of 85 km was chosen to ensure that the top of the lower MIL is below the mesopause. Finally, we consider the segment between those two extrema (marked by two larger triangles in Figure 1 ) corresponding to the largest temperature enhancement, and these two extrema are defined as the top and bottom of the lower MIL. The amplitude and thickness of the lower MIL are the temperature and height differences between its top and bottom, respectively. Moreover, note that only if the lower MIL has amplitude and thickness in excess of 12 K and 4 km, respectively [Leblanc and Hauchecorne, 1997; Fechine et al., 2008] , can it be considered as a significant lower MIL and would it then be included in our analysis. Otherwise, the amplitude is set to zero.
Global Distribution and Seasonal Variation of Lower MILs
[15] Using the lower-MIL specification method introduced above, we extracted all significant lower MILs in the 8-year SABER data. The global distribution of the monthly zonal occurrence rate of significant lower MILs between 2002 and 2009 is shown in Figure 2 . The monthly zonal occurrence rate at selected latitudes is defined as the fraction of the temperature profiles showing lower MILs in a given month and in a 4 latitudinal bin. The monthly zonal occurrence rate in Figure 2 indicates that, in the mesosphere, lower MILs occur frequently and exhibit apparent latitudinal and seasonal variations. The occurrence rate peaks in equatorial and tropical regions during equinoxes with maxima of around 90%. It is much smaller at middle and high latitudes, with a maximum value of approximately 70% in winter. We point out that the occurrence rate at low latitudes has an obvious semi-annual cycle, with peaks occurring during equinoxes. At middle latitudes, the occurrence rate exhibits an annual cycle, with maxima occurring in winter. Moreover, the fragmentary observations at high latitudes seem to display an annual cycle in the occurrence rate of lower MILs, similar to that at middle latitudes. Consistent latitudedependent seasonal variation of the occurrence rate of lower MILs has also been reported in previous studies. For instance, Fechine et al. [2008] statistically analyzed the features of lower MILs in a tropical region of (17 S-3 N, 26 W-40 W) and suggested a semi-annual oscillation in the occurrence rate of lower MILs. Lidar observations [Leblanc and Hauchecorne, 1997] in southern France (44 N, 5 E), a midlatitude lidar site, revealed an apparent annual cycle in the occurrence rate of lower MILs. These different seasonal variations may imply different formation mechanisms of lower MILs at different latitudes. Additionally, the occurrence rate at northern-hemisphere (hereinafter NH) middle latitudes exhibits a weak interannual variation, e.g., it is slightly lower in the winters of 2008 and 2009.
[16] The monthly zonal mean amplitude of lower MILs is presented in Figure 3a . In general, the primary features of the amplitude behavior are similar to those of the occurrence rate shown in Figure 2 . For instance, the amplitude exhibits 
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an apparent latitudinal variation. Its maximum values are higher at lower latitudes than at mid-and high latitudes. In addition, the amplitude exhibits semi-annual and annual cycles at low and middle latitudes, respectively. At low latitudes, the amplitude also reaches maxima during equinoxes, following the occurrence rate, and the maxima are usually higher in spring than in autumn. Moreover, the amplitude shows weak interannual variation; its maximum value exceeded 36 K at low latitudes in 2002 and 2007, while it was much smaller in 2003, 2004, and 2006 . At middle and high latitudes, the amplitude peaks in winter, with maxima varying in the range of 24-30 K. The standard deviations of the monthly zonal mean amplitude are usually smaller than 10 and 5 K (not shown) at low and middle latitudes, respectively. From Figure 3a one can deduce that strong lower MILs often occur in low-latitude spring and autumn, and in midlatitude winter. More interestingly, during these strong lower-MIL seasons, lower MILs usually persist for more than a month, which should be an important criterion in elucidating their origins.
[17] The monthly zonal mean bottom height and thickness of the lower MILs are illustrated in Figures 3b and 3c , respectively. Similarly to the occurrence rate and amplitude, both the bottom height and thickness also exhibit semiannual and annual cycles at low and middle latitudes, respectively. In spring and autumn, when the amplitudes of lower MILs at equatorial and low latitudes reach their maxima, the corresponding bottom is located at $76 km, with a thickness of $7 km. During winter, when the amplitude peaks at middle and high latitudes, the bottom height is around 70 km, with a thickness of $9 km. Generally, the strong low-latitude lower MILs in spring and autumn are always 5-6 km higher and slightly thinner than those at middle and high latitudes in winter. The standard deviations of the bottom height and thickness are usually less than 5 and 3 km (not shown), respectively. Moreover, lower MILs in the southern hemisphere usually appear to be thinner than those in the NH in winter, and neither the lower MILs' bottom heights nor their thicknesses exhibit obvious interannual variations. In brief, lower MILs at low (15 S-15 N) and middle (poleward from 15 S and 15 N) latitudes are characterized by semi-annual and annual cycles, respectively, which agrees well with previous observations [Meriwether and Gerrard, 2004] .
[18] Except for the above consistencies, quantitative comparisons of the present statistical characteristics of lower MILs with previous observations [Leblanc and Hauchecorne, 1997; Siva Kumar et al., 2001; Ratnam et al., 2003; Fechine et al., 2008 ] also indicate some differences at low latitudes. For instance, our maximum value (approximately 40 K in spring) of the monthly mean amplitude at lower latitudes is roughly 5 K larger than that in a local tropical region obtained from SABER observations by Fechine et al. [2008] . This difference is even larger compared with lidar observations (with a maximum value of approximately 31 K) at a single low-latitude station by Siva Kumar et al. [2001] . As to the maximum occurrence rate, the result from our current work is 10% higher than that observed by lidar [Ratnam et al., 2003 ] at a single low-latitude station. We think that these differences are mainly owing to either different measurement techniques or horizontal observation extents (e.g., lidar only performs local observations). [19] In this section, we analyze the formation mechanisms of large-scale lower MILs in detail. Our analysis concentrates mainly on lower MILs at low and middle latitudes because of the discontinuous SABER observations at high latitudes (poleward of 52 S and 52 N).
Formation Mechanisms of Lower MILs
Low Latitudes
[20] The low-latitudinal lower MILs in Figure 3 display a clear semi-annual cycle. Considering that numerous observations [Shepherd et al., 2004; Huang et al., 2006; Xu et al., 2007; Ratnam et al., 2008; Guharay et al., 2009; Iimura et al., 2010] revealed that the background temperature is also characterized by a semi-annual oscillation (SAO) across the tropical region, we suggest that the background temperature and its climatology variation may contribute to the formation of lower MILs at low latitudes. Here we adopt a sliding average with a sliding interval of 30 days to calculate the monthly zonal mean temperature. To derive a realistic background temperature, it is necessary to eliminate tide and planetary-wave perturbations from the observed temperature. Therefore, we adopt a period of 60 days as the length of the sliding window. Figure 4 displays the monthly variation of the 60-day averaged zonal mean temperature from March 2002 to December 2009 over the equator. The maximum standard deviation is less than 4 K (not shown). Generally, the mean temperature decreases with height below 70 km. Above 70 km, the height variation of the temperature is seasonally dependent. In spring and autumn, the temperature decreases with height from 70 to 75 km. It subsequently increases with height, with minimum and maximum values at $75 and 85 km, respectively. As a natural consequence of the height variation and SAO of the background temperature, an obvious MIL-like temperature structure is formed in spring and autumn. However, in summer and winter the background temperature slightly decreases with height. Analogous results have been presented by Shepherd et al. [2004] and Xu et al. [2007] based on UARS/WINDII and TIMED/SABER observations, respectively. Clancy et al. [1994] and Xu et al. [2007] suggested that the lower MILs over the equator were induced by the SAO in the mesospheric mean temperature, but they did not quantitatively analyze the contribution of the SAO to the lower MILs.
[21] Figure 5 illustrates the normalized frequency spectrum of the 60-day averaged zonal mean temperature between 65 and 90 km over the equator. The primary and secondary peaks, respectively corresponding to the quasisemiannual (with a period of approximately 6.1 months, f = 0.165 month À1 ) and quasi-annual (with a period of about 11.8 months, f = 0.085 month À1 ) oscillations are clearly shown. From the spectrum's height variation, one can find that although the frequencies of these two oscillations remain unchanged with height, their magnitudes vary significantly: both the SAO and AO components peak at heights of around 75 and 85 km. It is worth noting that these two peak heights, 75 and 85 km, correspond exactly to the bottom and top heights of the lower MILs.
[22] To further clarify the impact of the background temperature on lower MILs, we applied a band pass filter to extract the SAO and AO components from the backgroundtemperature profile. We set the center frequencies of the filters at 0.165 and 0.085 month À1 , respectively, and both filter bandwidths are 0.01 month À1 . The SAO and AO variations are shown in Figures 6a and 6b , respectively. Figure 6 demonstrates that the SAO is strongest at 75-85 km, with a maximum magnitude of approximately 7 K and a standard error <0.5 K (not shown). We note that because of the height variation of the SAO phase the temperature increases with height during boreal spring and autumn, and such a transient SAO structure could result in a temperature inversion layer between 75 and 85 km with an amplitude in excess of 12 K. These SAO scenarios clearly highlight the contribution of the SAO to lower MILs in the equatorial region. However, in summer and winter the SAO in temperature leads to a decreasing trend of temperature with height, indicating that the SAO-induced transient structure cannot form MIL-like structures in summer and winter. Moreover, the SAO also exhibits interannual variations. For instance, it was weaker in 2006, corresponding to weaker lower MILs over the equator in the same year. The correlation coefficient between the amplitudes of the lower MILs and SAO at 85 km is 0.72, implying a close mutual connection in the equatorial region.
[23] The AO is weaker than the SAO, and it attains maxima and minima in winter and summer, respectively. The AO temperature structure shown in Figure 6b demonstrates that it can yield rather weak lower MILs only in boreal summer. Figure 6c displays the residual temperature, obtained by subtracting the SAO and AO components from the 60-day averaged zonal mean temperature. Generally, the residual temperature decreases with height, except in the range of 75-85 km between July 2002 and July 2004, when the residual temperature at 85 km is slightly higher than that at 75 km. From a climatological point of view, the contribution of the residual temperature to lower MILs is negligible.
[24] Our analysis suggests that the contribution of the background temperature to lower MILs is mainly provided by the SAO component, which yields a temperature enhancement of more than 12 K, approximately 30% of the maximum amplitude (approximately 40 K) of the lower MILs over the equator. Note that extraction of the SAO by band pass filtering may weaken its actual magnitude, which may lead to underestimation of the SAO contribution. However, we conjecture that the SAO alone cannot completely explain the equatorial lower MILs by considering the following two facts. First, even in spring and autumn, the temperature enhancement produced by the SAO is much smaller than the observed lower MIL amplitude. Second, and more importantly, during summer and winter, the SAO leads to a decrease of temperature with height between 75 and 85 km, which means that the SAO cannot explain the observed weak lower MILs over the equator during these seasons. Therefore, some other mechanism must be responsible for lower MILs in the equatorial region. Figure 5 . Normalized frequency spectrum of the 60-day averaged zonal mean temperature over the equator.
[25] Previous observations [Zhu et al., 2005; Zhang et al., 2006; Mukhtarov et al., 2009; Xu et al., 2009] have confirmed the existence of a prominent diurnal migrating tide (hereinafter DW1) in the equatorial mesosphere, and that the DW1 magnitude is much greater than those of the semi-diurnal tide and planetary waves in the upper mesosphere. Mukhtarov et al. [2009] pointed out that the DW1 increases rapidly in the mesosphere/lower-thermosphere (MLT) region and exhibits obvious semi-annual variation, with maxima occurring in February/March and August/ September. Obviously, the seasonal variation of the DW1 is consistent with that of the lower MILs, so the transient structure of the DW1 over the equator may also contribute to lower MILs. Here, as an example, the global (52 S-52 N) distributions of the magnitude and phase of the DW1 (in 2004) at 80 km are extracted by harmonic fits to the temperature perturbations in a 60-day temporal window. The latter were derived by removing the background temperature contribution from each temperature profile. As shown in Figure 7 (only magnitude plotted), a strong DW1 concentrates mainly at low latitudes (15 S-15 N) . Moreover, the DW1 is stronger in spring and autumn, with the maximum magnitude of $18 K occurring in spring, and the corresponding standard error (not shown) is no more than 1.2 K, which is much smaller than the extracted magnitude of the DW1. These latitudinal and seasonal variations of the DW1 agree well with those of the lower MILs, implying a close mutual connection.
[26] In addition, we will reconstruct the vertical temperature structure of the DW1 to demonstrate the DW1-induced lower MIL in more detail. Figure 8 displays the temperature profiles of the DW1 in the equatorial height range of 65-85 km on 15 March, 15 June, 15 September, and 15 December 2004, representing the DW1 temperature in spring, summer, autumn, and winter, respectively. To clearly display the impact of the DW1 on the lower MILs, the tidal phases that can produce the largest temperature enhancement (i.e., the strongest temperature inversion) between 75 and 85 km are chosen. In general, the DW1's transient temperature in any season can produce MIL-like structures, but the DW1-induced temperature enhancements are obviously different in different seasons. In boreal spring and autumn, shown in Figures 8a and 8c , the temperature enhancement owing to the DW1 can reach 20-30 K. Since the tidal magnitude is fitted using a 60-day sliding temporal window to ensure full coverage of local time, the realistic contribution of the DW1 to the lower MILs should be more significant. Therefore, the joint contributions of the DW1 and the SAO can produce a temperature enhancement of at least 40 K. Moreover, the transient structure of the DW1 can account for some lower-MIL features that cannot be explained by the SAO alone. For instance, the lower MILs are stronger in spring than in autumn, corresponding to a stronger DW1 in spring than in autumn. In addition, although the DW1 in summer and winter is weaker, it can still result in a 10-15 K temperature enhancement, as shown in Figures 8b and 8d , which may account for the weak lower MILs during summer and winter, while the SAO may not. In the other SABER observation years (not shown), the DW1 is also the dominant large-scale perturbation during boreal spring and autumn in the height range of 65-85 km, although its magnitude is 4-6 K smaller than that in 2004. Therefore, we believe that the transient structure of the DW1 is another important cause of lower MILs at low latitudes. We have also investigated the probable contributions of transient structures of other global-scale waves (e.g., semi-diurnal migrating tides, nonmigrating tides, and planetary waves) to lower MILs at lower latitudes. Our analysis, like previous studies Xiao et al., 2009] , revealed that at the height of the lower MILs, the magnitudes of nonmigrating tides and planetary waves are usually smaller than 3 and 8 K, respectively, suggesting that they are too weak to produce significant contributions to lower MILs. In summary, we believe that the joint contributions of the SAO to the background temperature and the transient temperature structure of the DW1 are the key sources for the development of lower MILs at low latitudes.
Middle Latitudes
[27] Salby et al. [2002] and Sassi et al. [2002] showed that lower MILs at middle latitudes may result from dissipation of planetary waves. Such a lower-MIL mechanism at middle latitudes is now widely accepted. In this subsection, we will further elucidate the impact of planetary-wave activity on lower MILs. Considering that lower MILs are usually strong (as shown in Figure 3 ) in winter at middle latitudes, we take the lower MILs in December 2003 as an example for quantitative analysis.
[28] Figure 9 shows the daily variation of the lower MILs in the NH in December 2003, when the lower MILs were pronounced especially at middle latitudes (30 N-50 N). Figure 9 clearly shows that the lower MILs exhibit obvious longitudinal and daily variations. During 1-6 December, the lower MILs were relatively weak at middle latitudes, with a magnitude of approximately 24-48 K. On 8 December, the lower MILs at middle latitudes began to grow rapidly to 60 K. Based on their longitudinal variation, we find that during the period of 6-13 December, the lower MILs concentrated at 90 E-180 E. Subsequently, and until 19 December, they moved eastward while their amplitude decreased. Around 22 December, the lower MILs moved back to 90 E-180 E. In the following days (24-27 December), the lower MILs were split into two parts, at 0 E-90 E and 180 E-270 E, respectively. Considering the entire month, the amplitude of the lower MILs first increased and reached maximum values >72 K on 10 December, and subsequently decreased. Observing the longitudinal distribution of lower MILs, one can find that lower MILs in the middle-latitude winter extended over a large horizontal scale (>0.25 latitudinal circle), and most of the time they exhibited only one amplitude maximum at a certain latitude. Moreover, lower MILs persisted throughout the entire month. The large spatiotemporal scale of the lower MILs at middle latitudes seems to suggest that these lower MILs may be related to planetary-scale waves with zonal wave number of unity.
[29] Since the longitudinal variations of lower MILs are similar across the midlatitude (30 N-50 N) region in December 2003 in the NH, we take the variation at 48 (AE2 ) N as an example in the following analysis. Figure 10 illustrates the altitudinal and longitudinal variations of the MIL amplitude and thickness. Generally, lower MILs are concentrated at 45 E-270 E and their amplitude first increased, until reaching a peak value around 10 December, followed by a decrease. Simultaneously, their thickness was greater than 12 km, and even as large as 16 km, around 10 December in the region between 90 E and 180 E.
[30] To analyze the possible links between the large spatiotemporal-scale lower MILs and planetary-scale waves, two-dimensional frequency-wave number spectral analysis [ Salby, 1982a Salby, , 1982b of the temperature in the height range of 65-85 km at 48 N during December 2003 is carried out (not presented here). We find that the stationary and traveling planetary wave with zonal wave number 1 is predominant. Therefore, we plot the normalized frequency spectrum of the planetary-scale wave with wave number 1 versus altitude in December 2003 in Figure 11 . There is an obvious peak at f = 0 cycles per day (cpd) near 70 km, corresponding to a quasi-stationary planetary wave (hereinafter SPW1). Moreover, there is also an evident quasi-16-day (f = 0.06 cpd) wave component, which travels westward above 75 km. Generally, the results in Figure 11 suggest that the SPW1 and 16-day wave dominate the dynamics in the mesosphere (especially at 65-85 km) in December 2003, and similar results can also be found in December months in other years (not presented here). These features are consistent with the seasonal variation of the occurrence of lower MILs at middle latitudes, indicating a link between large spatiotemporalscale lower MILs and planetary-wave activity at middle latitudes.
[31] Figure 12 illustrates the daily magnitudes and phases of the SPW1 and westward-traveling 16-day wave with zonal wave number 1 at 48 N in December 2003, extracted by sine fits to the temperature data in a sliding temporal window, as introduced in section 3 but using a one-day sliding interval. Obviously, the SPW1 with maximum magnitude greater than 12 K is stronger than the 16-day wave. We note that the SPW1 peaked at $72 km during the period from 10 to 15 December, when the lower MILs also exhibited enhancement. The magnitude of the 16-day wave generally increased with height and peaked at $83 km, with a maximum in excess of 7 K. The standard errors of the magnitudes for the SPW1 and 16-day wave are less than 1.5 and 0.5 K (not shown), respectively, i.e., much smaller than their magnitudes. In addition, the phases of these two waves decreased with height, implying that they propagated upward, and both vertical wavelengths are estimated at $40 km.
[32] Having specified the amplitudes and phases, we can now reconstruct the transient structures of the planetary waves with zonal wave number 1. Based on Figure 12 , we display the transient structures of the SPW1 and the 16-day wave in the height range of 65-85 km on 10 December 2003 in Figure 13 . Below 75 km, the SPW1 temperature disturbance ( Figure 13a ) was negative in the region enclosed by 45 E-225 E, while it was positive west of 45 E and east of 225 E, with a temperature peak and valley around 120 E and 300 E, respectively. Note that the SPW1 yielded a MIL-like structure for 45 E-225 E because of phase tilting. Moreover, although the transient structure of the 16-day wave (Figure 13b ) is different from that of the SPW1, it also yielded a MIL-like structure for 90 E-225 E. We also present the transient structure of the composite of the SPW1 and 16-day wave in Figure 13c . It is clear that the SPW1 dominated the composite structure below 80 km. Because of the contribution of the 16-day wave, the composite wave exhibited a positive temperature disturbance over nearly the entire eastern hemisphere above 83 km. In addition, we present the temperature difference induced by the composite transient structure, DT PW , in Figure 13d . To determine DT PW we first derive the maximum and minimum of the composite wave, as well as their corresponding heights in each longitude bin (AE12 ). We then take into account the criterion defining the presence of lower MILs, particularly the condition that the height of the maximum temperature is 4 km higher than the height of the minimum temperature; 
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i.e., DH PW ≥ 4 km. The temperature difference DT PW is then taken into consideration. Otherwise, if DH PW < 4 km, we set DT PW to zero. As demonstrated in Figure 13d , the longitudinal distribution of DT PW is in good agreement with that of the lower MILs, strongly suggesting a contribution of planetary waves to lower MILs at middle latitudes.
[33] Subsequently, we analyzed correlations between the longitudinal distribution of DT PW (DH PW ) arising from the composite wave and those of the lower MIL amplitude (thickness) at 48 N in each December month during 2002-2008. The month of December was chosen because in this month the amplitudes and occurrence rates of lower MILs at middle latitudes are the highest (see Figure 3) . As illustrated in Figures 14a and 14b , the lower MILs were concentrated at 90 E-270 E, with typical amplitudes of 24-48 K and thicknesses of 10-14 km. From Figures 14c and 14d , we see that the significant temperature difference DT PW and height difference DH PW were also concentrated at 90 E-180 E. Additionally, the temperature difference DT PW could reach 15-25 K, which is approximately 40-60% of the average amplitude of lower MILs. More importantly, the longitudinal distributions of DT PW and DH PW are similar to those of the lower MILs' amplitudes and thicknesses. We observe that in December 2003 lower MILs were extremely strong and the peak amplitude exceeded 72 K. Simultaneously, DT PW was also much larger than average. The correlation coefficients between the longitudinal distributions of DT PW and the lower MIL amplitudes, and between the longitudinal distributions of DH PW and the lower MIL thicknesses are presented in Figures 14e and 14f , respectively. In more than one third of the days, both coefficients are greater than 0.5. The coefficients even approached unity on some days in 2003 and 2005, when DT PW was larger, indicating a close link between the transient structures of the planetary waves and the lower MILs. However, we also find negative values for both correlation coefficients on some days; e.g., on 13 December 2002. We note that negative correlation coefficients usually correspond to low occurrence rates of lower MILs. Moreover, not only in December, but also in most winter months (November, December, and January), we find a close correlation between planetary-wave transient structures and lower MILs, although their correlation coefficients may be slightly smaller. Therefore, we suggest that in addition to the planetary-wave dissipation mechanism proposed by Salby et al. [2002] , the transient structure of planetary waves also plays a key role in the formation of large spatiotemporal-scale lower MILs at middle latitudes. [34] Another important issue we want to emphasize is that of the lifetime of large-scale lower MILs. As illustrated in Figure 9 , the lifetimes of large-scale lower MILs at middle latitudes are usually longer than several days, implying that the contribution of atmospheric waves to lower MILs at middle latitudes may be mainly owing to waves with long periods (such as planetary waves) instead of GWs or their interactions with tides [Hauchecorne et al., 1987; Liu and Hagan, 1998 ], which should be highly intermittent.
Summary and Conclusions
[35] To study the global distribution and seasonal variation of large spatiotemporal-scale lower MILs and further elucidate their formation mechanisms, we analyzed SABER temperature data from 2002 to 2009. Based on the statistical analysis, our primary results and conclusions are as follows.
[36] All lower-MIL parameters, including the occurrence rate, amplitude, bottom height, and thickness, exhibit strong latitudinal dependence. The most significant feature of lower MILs is that all of their parameters display obvious semiannual and annual cycles at low and middle latitudes, respectively. At low latitudes, the occurrence rate peaks in spring and autumn, with a maximum of $90%. The amplitude reaches its primary ($40 K) and secondary maxima ($30 K) in spring and autumn, respectively. Both the occurrence rate and amplitude of lower MILs at middle latitudes are generally lower than at low latitudes. Moreover, the bottom heights and thicknesses of lower MILs are around 76 and 8 km in tropical spring and autumn, respectively, i.e., approximately 5 km higher and 1-2 km thinner than during midlatitude winter. These latitudinal differences in the lower MILs may suggest different formation mechanisms of lower MILs at different latitudes.
[37] We find that at low latitudes lower MILs are closely linked with the SAO of the background temperature. In the height range of 75-85 km, the SAO can yield a backgroundtemperature enhancement of $10-14 K, approximately 30% of the maximum amplitude ($40 K) of the lower MILs at the equator. Moreover, the transient structure of the diurnal migrating tide (DW1) can also contribute 20-30 and 10-15 K temperature enhancements to the lower MILs around equinoxes and solstices, respectively. In conclusion, we think that the joint contributions of the SAO in background temperature and the diurnal-migrating-tide temperature contribute primarily to the development of lower MILs at low latitudes.
[38] At middle latitudes, no significant contributions from low-frequency oscillations (such as the SAO and AO) to lower MILs could be found. We note that strong lower MILs at middle latitudes always occur in winter and exhibit obvious longitudinal and daily variations, in agreement with the transient structures of the stationary wave and westward 16-day wave with zonal wave number 1. The restructured composite structure of these two waves can produce at least 15-20 K temperature enhancement on individual days in the mesosphere. The longitudinal correlation coefficient between the temperature difference DT PW induced by these planetary waves and the lower MILs' amplitude was larger than 0.5 in more than one third of December days. Therefore, we suggest that in addition to previously proposed mechanisms [Hauchecorne et al., 1987; Liu and Hagan, 1998; Salby et al., 2002] , the transient structure of planetary waves is also an important cause of lower MILs in midlatitude winter. More importantly, the lifetime of large spatiotemporal-scale lower MILs in midlatitude winter is usually more than several days, which suggests that their major cause may not be GW-associated dynamics.
